The effects of additives in copper electrodeposition have been studied by using the multi-scale kinetic Monte Carlo simulation. Recently we have extended the solid-by-solid model for crystal growth to a multiple scale model for the simulation of the copper deposition from electrolytic solution. The system consists of the electrode, the solution and the diffusion layer. The solution contains copper ions and the model additives of chloride ions, polyethylene glycol (PEG) and bis(3-sulfopropyl) disulfide (SPS). We have performed the simulations of copper deposition with different combinations of the additives and studied the surface morphology. The suppressing effect of PEG and the accelerating effect of SPS have been confirmed.
Introduction
Kinetic Monte Carlo (KMC) simulation is a powerful tool to study the morphology of the electrode surface in the process of electrodeposition in relation to the deposition conditions. In the KMC simulations of electrodeposition, solid-on-solid (SOS) models have been widely used as a model for crystal growth. In conventional SOS model, the growth is restricted to one direction and vacancy formation is not realized. The solid-bysolid (SBS) model which has been developed by our group is a simple extension of the SOS model to include the vacancy formation. (1, 2) The advantage of the SBS model is that complicated three-dimensional surface structure as well as dendrite formation can be simulated without difficulties. (3) In the SBS model, the concentration of ions in solution is assumed to be constant throughout the simulation. Recently we have extended the SBS model to include the solution and the diffusion layer taking into account the fluctuations in the concentration. (4) In the extended SBS model, the surface growth is simulated by the KMC of the SBS model with ions and additives distributed in the solution part. The diffusion of these particles is simulated by the coarse-grained random walk (CGRW). The diffusion layer is located in the upper part of the solution. In order to take into account the difference in the time and length scales between the diffusion layer and the electrochemical reactions occurring in the vicinity of the electrode, we introduced different units of time and length which are scaled so that the upper part of the solution corresponds to the bulk solution. The whole system is simulated by the KMC method. By the test simulations, we confirmed that the concentration gradient is produced in the solution by our multi-scale method.
In this paper we study the effects of additives in copper electrodeposition by using the multi-scale KMC of the extended SBS model. Three kinds of additives are taken into account; chloride ions Cl -, polyethylene glycol (PEG) and bis(3-sulfopropyl) disulfide (SPS), which are commonly used in copper electrodeposition. The rate constants of the reactions are taken from the papers of R.C.Alkire, et. al.. (5, 6, 7) The growth rate and the surface structure have been studied for the solution with and without the additives. In the next section, we describe the outline of the SBS model and the multi-scale KMC method. The results of the simulations are presented in the third section. The conclusions are given in the last section. Figure 1 shows the schematic picture of the simulation model and the corresponding real system of the solution-electrode interface. The whole system consists of a three-dimensional cubic lattice. Metal atoms, ions and additives are located on lattice sites. The electrode is located at the bottom of the system and the surface growth is simulated by the KMC of the SBS model. In the SBS model, each lattice site represents either of a solid atom, a liquid atom or a vacancy. Three events are taken into account; adsotption, desorption and surface diffusion. The rate constants for adsorption, desorption and surface diffusion are dependent upon the number of the nearest neighbor solid atoms. (1) The adsorption occurs from any direction (rx, r[r\) on the nearest neighbor sites of the surface atoms.
Experimental
The solution is located above the electrode. The particles which represent ions or additives are distributed in the solution and their migration is simulated by CGRW. The particles jump to the neighboring lattice sites randomly. The jump distance per one MC step is larger than the unit length of the grid. The upper part of the solution is the diffusion layer. This part also contains ions and additives and their migration of these Figure 1 Schematic picture of the simulation system and the corresponding real system.
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particles is simulated by CGRW. The diffusion layer is divided into thin layers with the thickness d. Each thin layer has different units of time t j and length l j where j denotes the layer number. The units t j and l j are scaled so that each layer corresponds to the real system which has a larger volume with the same concentration. Layer 2 represents the portion of the real solution with the thickness 2d and layer 3 represents the solution with the thickness 4d , and so on. In this scaling, it is required that the diffusion constants in all layers are the same. It is also assumed that each layer in the simulation system has M particles and a particle in the upper layer j+1 represents two particles in the lower layer j. A particle splits into two particles when it crosses the boundary from the upper layer j+1 to the lower layer j. An important requirement of this coarse graining is that the microscopic detailed balance is satisfied for the migration of the particles at the boundaries between the layers.
We have performed the simulation of copper electrodeposition from copper sulfate solution. In making the models for the reactions, we referred the papers of R.C.Alkire et. , Cu + , Cl ̅ ) and PEG as a suppressor and SPS as an accelerator. The reactions and the rate constants used in the simulations are given in Table I . The surface diffusion of deposited Cu atoms is also taken into account. The concentrations and the diffusion constants of the ions are given in Table II , the initial concentration of Cu + is zero. The deposition of Cu atom is inhibited on the surface sites near the CuClPEG. SPS is supposed to be an accelerator since Cu(I)thiolate has a catalytic effect to enhance the Cu deposition. In order to simulate a larger system, one Results Figure 2 shows the snapshots of the shape evolution of the electrode surface for the three cases; (a) with Cl -, (b) with Cl -and PEG, (c) with Cl -, PEG and SPS. The size of the surface is 330nm330nm and the periodic boundary condition is used in x-and ydirections. In Fig.2 (a) it is observed that the nucleation occurs on some part of the surface and the islands grow in lateral directions. These islands are connected to each other and the surface is covered with the new layer. This is a typical case of layer growth, resulting from the fast surface diffusion of deposited atoms. Figure 2 (b) shows the case with Cl -and PEG. It is observed that the nucleation is inhibited by the presence of CuClPEG. As a result, the number of small islands is smaller than that in Fig.2 (a) . Only one large island is observed to grow in lateral direction. This means that PEG suppress the surface growth by preventing the nucleation of new islands. In Fig.2 (c) , on the other hand, the nucleation occurs frequently and many islands are observed on the surface. The surface has a multi-layer structure and the thickness of the surface is larger than those of Figs.2 (a) and (b) . This is due to the catalytic effect of Cu(I)thiolate deposited on the surface.
We have calculated the average height of the surface
where z i is the z-coordinate of ith surface atom and N s is the total number of the surface atoms. Figure 3 shows the time evolution of h for the simulations with and without additives. For the additive free case, h increases almost linearly with time, representing the constant growth rate. When PEG is added to the solution, the growth rate becomes small due to the inhibiting effect of CuClPEG. When PEG and SPS are added, the growth rate becomes small in the early stage of the deposition. This is because PEG is deposited on the surface before the reaction of Cu(I)thiolate occurs. In the late stage, however, Cu(I)thiolate covers the surface and the growth rate increases rapidly. Note that the surface structure shown in Fig.2 (c) is taken from the late stage of the simulation. From these results, we confirmed the suppressing effect of PEG and accelerating effect of SPS. The surface morphology depends upon the interplay of these different effects. 
Conclusion
In this paper, we included the additives in the extended SBS model which has been developed in our previous work.(4) We studied the synergistic effects of suppressing and accelerating additives by the multi-scale KMC simulation. In the additive-free case, we observed the repetition of the nucleation and the lateral growth of islands resulting in typical layer growth with a constant growth rate. When PEG is added to the solution, the nucleation is suppressed by CuClPEG and the growth rate is reduced. If we include SPS as well as PEG, we observed the competition of the deposition of CuClPEG and Cu(I)thiolate. In the late stage of the simulation, the surface is covered with Cu(I)thiolate and the growth rate is greatly increased. The surface morphology results from the synergistic effects of the suppressing and accelerating additives.
As an application to electrochemical engineering, we are trying the simulations of via and trench fillings for the fabrication of LSI interconnects in microelectronics. We expect that the multi-scale KMC of the extended SBS model is a useful means of studying the shape evolution of three-dimensional features in many applications in engineering.
